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SUMMARY 

In an effort to reduce the extensive use of critical materials in 
the turbine rotor of gas turbine engines, an experimental investigation 
was conducted on a J33 turbojet engine modified for air cooling of the 
turbine disk and blades. Initial investigations into the general tur- 
bine disk cooling and structural characteristics of an experimental air- - 
cooled split-disk rotor configuration have been reported previously as 
a part of this series. 

The present report considers the cooling-air pumping characteristics 
of the internal impeller vane system between the parts of the split-disk 
rotor, the disk temperatures obtained after the engine configuration was 
modified to reduce the difference in temperature level of the two disks, 
the radial and tangential stress distribution based on extrapolated 
values of the disk temperature-difference ratio, the temperatures of 
the hollow tube-filled blades, and the heat transferred to the cooling 
air in the tail cone and the turbine disk. 

Results of the investigation are presented for engine speeds up to 
10,000 rpm (87 percent of rated speed) and for a range of cooling-air 
flow from approximately 0.02 to 0.10 of the engine combustion-gas flow. 
The results indicate a ratio of the static pressure in the region over 
the blade tip to the total pressure at the impeller inlet of 1.0 or above 
for cooling-air-flow ratios up to 0.035 over the range of corrected 
impeller speed investigated. The results also indicate that air bled 
from the compressor discharge would be at sufficient pressure to be 
introduced at the hub of the split disk and used to cool the blades over 
most of the range of cooling-air-flow ratio investigated. The difference 
in temperature level of the two disks was reduced at least 100° F by 
shutting off the external cooling air on the forward disk. Stress 
analysis of the two disks based on the new temperature distributions 
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indicated a substantial improvement over the stresses previously reported 
which were obtained with the more severe differences in temperature 
level. Indications were that substitution of noncritical alloys could 
be made for the disks of the rotor' investigated. The heat transferred 
to 'the cooling air in the tail cone had no appreciable effect on the 
cooling of the disk and was approximately 8 percent of the estimated 
heat transferred to the blade. The heat transferred to the disk was 
about 3 percent of that estimated for the blade. The wide variation in 
the blade temperatures measured near the midchord of three instrumented 
blades was attributed to variations in the brazing bond between the 
internal tubes and the hollow blade shell. 


, INTRODUCTION 

In an effort to reduce the extensive use of critical metals and 
alloys in the turbine rotor of gas turbine engines, an experimental 
investigation was conducted at the NACA Lewis laboratory on a J33 turbo- 
jet engine modified for air cooling of the turbine blades and disk. The 
investigation utilized a standard J33 disk which had been parted in the 
plane of rotation and had individual passages, for the introduction of 
cooling air to each blade, machined into the inside surfaces of both 
halves of the disk. The general aspects of the investigation, pre- 
liminary investigations up to 6000 rpm of disk cooling, and structural 
characteristics of this experimental air-cooled split-disk configuration 
are discussed in reference 1. The mechanical design of the turbine rotor 
and the tail cone, stress analysis, and burst test~of the rotor configur- 
ation are presented in reference 2. 

The introduction of cooling air through the disk to the blade base 
provided a strong cooling effect, but resulted in an unconventional disk 
configuration. In order to avoid large aerodynamic losses in the blade 
base and to enhance the pimping action, a system of vanes similar to 
those of a centrifugal impeller were provided integral with the rotor. 

The attempt to supply uniform chordwise distribution of the cooling air 
at the blade base resulted in a considerable increase in passage area 
from the impeller entrance to the tip. .These large deviations from 
normal impeller design complicated the. design of the disk structure at 
the rim, limited the aerodynamic performance potential of the impeller, 
and necessitated the. experimental determination of the flow characteris- 
tics. 

f 

The need for additional engine modifications which would reduce the 
temperature level difference between the forward and the rear halves of 
the disk was indicated in reference 1. Following these modifications, 
the range of engine speed was extended. 
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The present report presents the results of the investigation over 
the extended speed range for the impeller cooling-air-flow characteris- 
tics as described by the cooling-air angle of incidence on the impeller 
vanes and the pressure ratio through the impeller. Further results are 
given on the disk temperatures. Stress levels in the disks at rated 
speed (11,500 rpm) are presented for the estimated temperature profiles 
obtained following the engine modifications which reduced the tempera- 
ture level difference between the two halves of the disk. Those blade 
temperatures that aid in the evaluation of the uniformity of cooling-air 
distribution to the blades and the heat transferred to the cooling air 
in passing through the tail cone and through the disk are also presented. 

Data are given for a range of engine speed from 4000 to 10,000 rpm 
for the impeller cooling-air-flow characteristics, 4000 to 8000 rpm for 
the disk temperatures, and 4000 to 6000 rpm for the blade temperatures. 
The cooling-air flow was varied from approximately 0.02 to 0.10 of the 
engine combustion-gas flow. 


APPARATUS 

Engine Modifications 

The J33 turbojet engine used to conduct the investigation reported 
herein was the same as that used in reference 1. The modifications to 
the turbine disk and tail cone necessary to permit introduction of the ; 
cooling air to the base of the blades were described and discussed in 
reference 2. In figure 1 is shown the method of introducing cooling air 
from the laboratory high-pressure air system into the engine through 
four pipes located inside the modified tail-cone struts. The pipes ter- 
minated in a supply tube which introduced the cooling air into the split 

disk through a 3j- inch-diameter hole in the center of the rear disk. 

The modified turbine rotor utilized a standard disk made of Timken 
alloy 16-25-6 that had been split in the plane of rotation and had 
individual passages to each blade machined into the inside surface of 
each half of the disk to form the internal impeller vane system shown in 
figure 2. The detailed geometry, and dimensions of the split-disk impel- 
ler configuration can be seen in figure 3. The impeller vanes bring the 
cooling air from the rotor hub to the base of the blades and impart the 
tangential velocity of the rotor to the cooling air. 

The internally cooled nontwisted rotor blades consisted of a hollow 
blade shell and blade base cast integrally of X-40, a high -temperature 
alloy. Figure 4 is a composite of three views of one of the blades used 
in the investigation. The coolant passage within the aerodynamic sec- 
tion was of constant cross section. The nine tubes, which terminated at 
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the blade platform, were inserted in the hollow shell and brazed in 
place (see fig. 4(a) for tube size and arrangement). Because the axial 
length of the passage within the blade was greater than the passage 
length in the serrated region of the rotor, a transition between the 
two cross sections was necessary and was accomplished within the blade 
base as indicated by the dashed lines in figure 4(c). The cross section 
of the cooling-air passage at the entrance to the blade base is shown 
in figure 4(b) . 

The modification recommended in reference 1 was made in order to 
more nearly equalize the temperature levels of the two halves of the 
turbine disk to permit operation at turbine speeds greater than 6000 rpm. 
The modification consisted of closing off the passages provided for the 
flow of ambient air for cooling the forward face of the disk in the 
original engine design. These passages were closed off at points A 
and B as shown in figure 5. 


Instrumentation 

Engine instrumentation . - Instrumentation for obtaining data to 
calculate engine mass flow, cooling-air mass flow, and effective gas 
temperature was the same as that used in the investigation described in 
reference 1. Static-pressure taps were located in the outer engine tail- 
cone casing directly over the cooling-air passage in the blades (see 
fig. 5) . These taps were used in the determination of the static pres- 
sure of the combustion gas in the region of the cooling air discharge. 

Rotating thermocouple system . - Two sets of 12 thermocouples were 
installed on the turbine rotor, as mentioned in reference 1. Described 
therein are the lead system, the thermocouple pickup, and the operation 
of selecting between the sets. One set of 12 rotating thermocouples was 
used for measuring the temperature on the two halves of the split disk. 
The locations of the disk thermocouples are shown in figure 6. 

The other set of 12 rotating thermocouples was installed in groups 
of four on three of the 54 air-cooled rotor blades at intervals of 
approximately 120°. The locations of the four thermocouples as installed 
on each, of the three instrumented blades are shown in figure 7 . Three 
of the thermocouples on each of the instrumented blades were located at 
approximately the l/3-span position - one near the leading edge, one in 
the midchord region on the pressure surface, and one near the trailing 
edge. The l/3-span position was chosen because it is the critical region 
from the standpoint of allowable temperature and stress. The fourth 
thermocouple in each group was located in the cooling-air passage in the 
base of each instrumented blade to measure the temperature of the cooling 
air as it entered the blade (see fig. 7). The construction and the 
method of installation of these thermocouples axe described in refer- 
ence 3. 
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Cooling-air Instrumentation . - The control of the flow of cooling 
air to the air-cooled turbine and the instrumentation necessary for cal- 
culation of flow rate were the same as those described in reference 1. 
The total temperature of the cooling air before entering the tail cone 
was taken as the temperature measured immediately downstream of the 
measuring orifice. Effective temperatures and total pressures of the 
cooling air at the hub of the disk were measured by means of a rake 
located in the cooling-air supply tube as shown in figure 5. The static 
pressures were measured by means of wall taps in the cooling-air supply 
tube (see fig. 5). The velocity determined by the total and static 
pressures enabled calculation of the total and static temperatures using 
the effective air temperatures and a thermocouple recovery factor. 


EXPERIMENTAL PROCEDURES 

The experimental procedure was the same as that described in refer- 
ence 1. The engine was operated at various speeds and at each speed the 
cooling-air weight flow was varied from approximately 10 percent to 
2 percent of the engine combustion-gas weight flow. A summary of the 
engine operating conditions is presented in table I. Series I and II 
data for 4000 and 6000 rpm, respectively, are data obtained while meas- 
uring temperatures of the blades and of the cooling air at the blade 
base. Data for impeller flow characteristics and disk temperature data 
were obtained for the remaining series representing engine speeds of 
4000 through 10,000 rpm. Data for the disk temperatures at 10,000 rpm 
are not presented herein because of malfunction of the rotating thermo- 
couple system at this speed. 


CALCULATIONS AND METHODS 

Engine weight flow, cooling-air weight flow, and effective gas 
'temperature were calculated from engine instrumentation data by methods 
discussed in references 1 and 3. 


Impeller Flow Characteristics 

Angle of incidence . - In order to calculate the angle of incidence 
of the cooling air with the impeller vanes, it was necessary to deter- 
mine the relative velocity of the cooling air in the split disk at the 
radius where the vanes begin. This relative velocity was determined 
from a vector s umma tion of the radial velocity of the cooling air in 
the passage between the two halves of the split disk and the tangential 
velocity of the vanes. The tangential velocity of the vanes was calcu- 
lated from the measured engine speed and the radius where the vanes 
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begin. Any tangential velocity that the cooling air may have acquired 
through viscous shearing forces between the air and the sides of the 
coolant passage below the vanes was neglected because calculations had 
indicated that this velocity would not be more than 6 percent of the 
disk tangential velocity. Inasmuch as no temperature and pressure meas- 
urements of the cooling air were made at this radius in the disk, the 
total pressures and total temperatures as obtained in the supply tube 
were assumed to remain constant up to the radius where the vanes begin. 
The static temperatures and pressures were then calculated and used to 
determine the radial air velocities at the vane inlet. The air -flow 
area at the vane inlet was taken as the geometric area since the block- 
age due to boundary layer was indeterminate in these investigations. 

Pressure change . - The pressure change in the cooling-air impeller, 
which includes the passages within the blades, is presented her ein a s a 
function of the independent variables corrected weight flow w a |/0 a ^jj/s a ^]j 

and corrected impeller speed N/^0 a ^ g. (All symbols used herein are 

defined in the appendix.) Dimensional analysis shows these to be the 
two primary independent variables which describe the pressure change 
within a centrifugal impeller neglecting heat transferred to or from 
the working fluid, the Reynolds number, and the Froude number. Such a 
dimensional analysis is presented in reference 4. 

It is realized that in the impeller considered herein more heat is 
transferred to the working fluid than would be encountered in any normal 
centrifugal impeller. Reference 5 presents an analysis in which the- 
spanwise static -pressure variation in the coolant passage of an air- 
cooled blade can be evaluated by considering the simultaneous effect of 
the variation of the . cross-sectional flow area, friction, rotational 
speed, and heat transfer to the cooling air. The available instrumen- 
tation, however, did not permit the evaluation of the temperature of 
the cooling air within the cooling-air passage at the blade tip or the 
pressure of the cooling air at the blade base, so that neither by use 
of the analytical method of reference 5 nor from experimental data could 
the pressure change be determined through the blade alone, which is the 
primary source of heat addition to the cooling air. Consequently, the 
cooling-air pressure change through the blade was included in the pres- 
sure . change through, the impeller . 

As an approximation, the independent variables usually used for 
centrifugal impellers were used in presenting this pressure-change data. 
The data, as presented herein, are reliable for the evaluation of general 
trends and pressure levels for the configuration considered and for the 
conditions of operation. Care should be taken, however, in the extra- 
polation of these data to other conditions, such as higher altitudes, 
because the effect of heat addition has been neglected. 
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The pressure change across the impeller was taken as the ratio of 
the static pressure of the combustion gas in the region over the blade 
tip to the total pressure of the cooling air at the rotor hub. The 
static pressure of the combustion gas at the blade tip is a measure of 
the pressure against which the cooling air must be discharged. The 
effect of the cooling-air velocity head on the static tap in the tail- 
cone casing was neglected because the tangential component of the cool- 
ing air absolute velocity was large compared with the estimated radial 
velocity of the cooling air as it left the blade tip. In addition, the 
length of time during which a blade was opposite this tap was small as 
compared with the time during which no blade was opposite the tap, and 
the manometer system used to measure this pressure was insensitive to 
sudden short-time pressure fluctuations. The cooling-air weight flow 
w a and the measured engine speed N were corrected to the conditions 
at the impeller inlet. That is, 

e a,H = T a,H/ T 0 

and 

5 a,H = Pa,H/P0 

where 

T 0 518.4° R 

Pq 2117 (lb/sq ft absolute) 

Compressor bleed air for cooling . - A convenient source of supply 
of cooling air for the turbine rotor is the engine compressor. The 
ability of the compressor to supply various quantities of cooling air 
was investigated by comparing the pressure available at the discharge 
of the compressor with the pres sure required at the inlet to the 
cooling-air impeller to force the cooling, air through the disk and 
blades. It was assumed that the cooling air was supplied from the dis- 
charge of the compressor and that the total pressure available at the 
inlet to the cooling-air impeller was equal to the static pressure at 
the compressor discharge. This means that all the velocity head avail- 
able at the compressor discharge is assumed lost because of the method 
of bleeding and of the neglect of the pressure drop in the line from 
the point of bleedoff to the impeller hub. The total temperature at 
the inlet to the cooling-air impeller was assumed equal to the total 
tempef-ature at the discharge of the compressor plus the measured total - 
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temperature rise of the cooling air through the tail cone. Thus for a 
given engine speed, and cooling-air weight flow from the measured data, 
an equivalent impeller speed and equivalent cooling-air weight flow can 
he obtained using this new cooling-air total temperature and an assumed 
• value of required cooling-air total pressure. With the static- to 
total -pres sure ratio of the impeller, evaluated from the impeller per- 
formance curves, and the measured static pressure at the tip of the 
blades known, the correct value of required cooling-air total pressure 
can be evaluated by successive approximations, and the ratio of avail- 
able total pressure to required total pressure at the cooling-air 
impeller inlet can be determined. 


Disk Temperature Correlations 

Correlation methods . - The disk temperatures were correlated on 
the basis of values of the temperature-difference ratio 1-Cp which 
were plotted against the cooling-air-flow ratio Wg/wg for the various 
engine speeds. The values of 1-cp are presented in table II for engine 
speeds of 4000, 5Q00, 6000, and' 8000 rpm. The basis for using such a 
correlation procedure and typical results are shown in reference 1. The 
effective cooling-air temperature T a ^ e ,H used in calculating cp is 

that obtained from the rake in the cooling-air supply tube, and Td is 
the disk metal temperature. 

Estimated disk temperature profiles at rated engine conditions and 
cooling-air- flow ratio of 0.02 . - The structural soundness of the disk 
configuration investigated must be evaluated at rated engine speed 
because of the expected difference in temperature level between the two 
disks. ' The disk temperature profiles were necessary in the plastic 
stress analysis used for this evaluation. 

The disk temperature levels at rated engine speed (11,500 rpm) and 
for a cooling-air-flow ratio of 0.02 were determined from values of the 
temperature difference ratio 1-cp, the effective gas temperature, and 
the effective cooling-air temperature at rated engine conditions. 

Curves of 1-Cp against cooling-air-flow ratio, for each engine speed 
investigated and each of the 11 disk thermocouples, were extended to a 
cooling-air-flow ratio of 0.02, the flow at which the values of 1-cp 
necessary to plot curves of 1-cp against engine speed were taken. 
Extrapolating these curves to 11,500 rpm determined the required values 
of 1-Cp. 


Plastic Stress Analysis at 11,500 rpm 


Plastic stress calculations were made following the methods out- 
lined in reference 2 to determine whether, with the estimated disk tem- 
perature profiles determined by the methods presented in the preceding 
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section, the split-disk configuration considered herein could he safely- 
operated at 11,500 rpm. The disk temperature profiles used were those 
obtained with the modifications incorporated in the engine configuration 
for equalizing the temperature level difference between the two disks. 
The disk stresses were calculated on the assumption of a rigid attach- 
ment between the disks at the rim as a result of the tightly fitting 
blade bases in the disk serrations. 


Heat Transferred to Cooling Air 

Heat transferred to cooling air in tail cone . - The temperature of 
the cooling air at the inlet to the turbine rotor has a direct effect 
on the cooling effectiveness of the disk and of the blades. As a con- 
sequence it is necessary to obtain an idea of the magnitude of the heat 
transferred to the cooling air as it passes through the high temperature 
regions of the tail cone. The heat-transfer rate to the cooling air in 
passing through the tail cone was calculated as the product of the total 
temperature rise from the inlet to the tail cone to the rotor hub, the 
cooling-air weight flow, and an average value of specific heat at con- 
stant pressure. 

The heat picked up by the cooling air in the tail cone followed a 
heat path which is best described by reference to figure 1. The heat 
flows from the hot combustion gas to the modified strut and the tail- 
cone bullet, from the modified strut and tail-cone bullet to the gases 
between the modified strut and the tail-cone bullet and the cooling-air 
supply pipes and tube, from these gases to the cooling-air supply pipes 
and tube, and from the pipes and tube to the cooling air. An analysis 
of this heat flow can be made from which the temperature rise of the 
air in the tail cone could be -calculated for conditions other than those 
investigated. However, to have some proof of the analysis would require 
measurements of the temperatures of the tail-cone bullet, modified 
strut, and cooling-air pipes, as well as of the flow rate of the gases 
between the tail-cone bullet and the cooling-air tube. The results of 
such an analysis are directly dependent on this weight flow rate of the 
'gases in the tail-cone bullet. If the gases are relatively stagnant, 
the heat is transferred to the cooling-air tube by conduction; whereas 
if the flow rate is appreciable, the transfer is by convection. The 
structural requirements of the tail-cone configuration used necessitated 
two small holes in the tail-cone baffle plate (fig. l) to relieve any 
pressure build-up within the tail-cone bullet. These holes and the 
clearances between the tail-cone bullet and the four cooling-air pipes 
undoubtedly permitted some flow of hot gases in the tail-cone bullet. 

To avoid this flow of gases in future designs would be desirable, since 
a stagnant air chamber around the cooling-air tube would reduce the 
amount of heat transferred to the cooling air. Inasmuch as the primary 
purposes of the investigation centered around the disk and blades, no 
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such instrumentation was installed. As a consequence, no detailed analy- 
sis of the heat flow is presented herein and the data concerning the 
heat transferred to the cooling air are presented only as a guide to 
determine whether or not it was appreciable. Since the data presented 
are for a given configuration and the tests were conducted at sea-level 
static conditions, care must be exercised in extrapolating these data. 

Heat transferred to cooling air in turbine disk . - To determine the 
effect of the heat transfer in the disk on the operating temperatures of 
air-cooled turbine rotor blades, the heat-transfer rate to the cooling 
air while passing through the split-disk was calculated from measurements 
obtained during the investigations for engine speeds of 4000 and 6000 rpm. 
The temperature rises were obtained only at these speeds because of the 
limited speed range over which the engine was operated for the purpose 
of measuring the cooling-air temperature in the blade base and the blade 
wall temperatures. The heat-transfer rate was calculated as the product 
of the cooling-air-flow rate, an average value of c p , and the tempera- 
ture rise, due to heat transfer, of the cooling air during its passage 
from the hub of the rotor to the blade base. The temperature rise of 
the cooling air due to heat transfer was evaluated as follows: 

A^HT = ( T a,e,h" T a,H) ~ (“ 2r h 2 / 2J 6 c p ) 

The term (cu 2 r h 2 /2JgCp) accounts for the temperature rise due to the 
energy imparted to the cooling air in bringing it from the rotor hub to 
the blade base. 

An analysis of the heat-transfer rate to the cooling air could be 
made considering the combustion gas as the heat source. Heat would be 
transferred to the disk by convection on the outside faces of the for- 
ward and rear disks, by radiation from members adjacent to the disk 
faces, and by conduction from the rim into the disks. The gas tempera- 
ture in contact with the rear turbine faces would be modified by a 
leakage of cooling air through the seals around the cooling-air supply 
tube (fig. l) . Heat transferred to the disks would be conducted through 
the disks and transferred to the cooling air by convection. The analy- 
sis would enable the calculation of temperature rises of the cooling 
air through the disks at conditions other than those encountered during 
the investigation reported herein. The quantities other than those 
obtained during the investigation reported herein necessary for proof 
of such an analysis are temperatures of the gases in contact with the 
outside faces of the forward and rear disks, the temperature of members 
adjacent to the disk faces, and the quantity of leakage air. Care 
should be taken in applying the experimental results of this investiga- 
tion to. other operating conditions inasmuch as the curves presented are 
for a very limited speed range and are not substantiated by analysis. 
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RESULTS AND DISCUSSION 
Impeller Cooling-Air-Flow Characteristics 

The flow characteristics of the cooling-air impeller are discussed 
in the following paragraphs on the basis of the calculated angles of 
incidence of the cooling air with respect to the impeller vanes , the 
pressure ratios across the impeller, and the ratio of the available pres- 
sure at the compressor discharge to the required cooling-air pressure at 
the impeller hub . 

Angle of incidence of cooling air with impeller vanes . - The angles 
of incidence of the flow of cooling air with respect to the impeller 
vanes are presented in order to give an indication of the flow existing 
in the impeller'. The angle of the passage between the impeller vanes 
at the Inlet, shown in figure 3 to be 30° from a radial line, was 
designed for a volume flow of 25 cubic feet per second at the rated 
engine speed of 11,500 rpm. Operation over a wide range of cooling-air 
flows at a constant engine speed produced a wide variation in the 
cooling-air angle of incidence with respect to the vanes, as shown in 
figure 8. Presented in the figure are the angles of incidence of the 
cooling air with respect to the vanes plotted as a function of the 
cooling-air flow for engine speeds of 4000, 6000, 8000, and 10,000 rpm. 

The angle of incidence on the vanes is positive at low cooling-air 
flows and becomes negative for high cooling-air flows for all the speeds 
except 10,000 rpm. For speeds of 8000 and 10,000 rpm, the angle of 
incidence at high flows tends to approach a terminal value, the attain- 
ment of which indicates that a limiting radial velocity at the vane 
entrance is encountered as a result of choking. - 

When the volume flow at the vane inlet was calculated it was noted . > 

that the design flow of 25 cubic feet pe'r second occurred at approxi- 
mately zero angle of incidence for the engine speed of 8000 rpm. At 
10,000 rpm the design volume flow occurred at an angle of incidence of 
appro xima tely 6° and the trend is toward a more positive angle at the 
design speed of 11,500 rpm; The angles presented in figure 8, as dis- 
cussed previously,' were calculated with, the aid of the radial air 
velocities based on the geometric flow area at the vane inlet. The 
assumption of a partial flow-area blockage would result in the calcula- 
tion of higher radial velocities than those based on the geometric area. 

The calculated angles of incidence would therefore be more negative 
than indicated and the design Volume flow at design speed would occur 
at ah angle less positive than would be indicated. 

Impeller pressure ratio . - The pressure ratio across the impeller 
is of interest because it determines the cooling-air pressure required 
at the rotor hub for a given combination of cooling-air flow and engine 



operating conditions. The development of a pressure rise across the 
impeller limits the degree of precompression necessary for the required 
coolant flow and results in lower cooling-air temperatures, thereby 
enhancing the cooling of the rotor. This particular impeller config- 
uration developed a pressure rise over all impeller speeds investigated 
for cooling-air-flow ratios up to approximately 0.035, as is indicated 
in figure 9. Plotted here are the ratio of static pressure in the 
region over the blade tips, into which the cooling air discharged, to 
the total pressure of the cooling air at the impeller hub against cor- 
rected cooling-air weight flows for corrected impeller speeds of 4000, 
6000, 8000, and 10,000 rpm. It can be seen that for each speed the 
highest pressure ratios were obtained for the lowest cooling-air flows. 
As cooling-air flow increases for any given speed, the pressure ratio 
developed decreases. This decrease in pressure ratio as cooling-air 
flow increases can be partially explained by referring to figure 8. At 
low speeds, the decrease in pressure ratio is due in part to the pres- 
sure losses associated with the high negative angles of incidence of 
the cooling air with the impeller vanes. As the engine speed was 
increased, however, the angles of incidence became more favorable over 
the 'range of cooling-air weight flow investigated. At 10,000 rpm the 
angle, of incidence is positive over the entire cooling-air weight flow 
range. The decrease in pressure ratio with increasing cooling-air flow 
(fig. 9) must be due to choking in the cooling -air -flow passages. In 
all cases, pressure ratios of 1.0 or greater occurred at positive 
angles of incidence over the impeller speed range investigated. 

Over the entire range of impeller speed investigated, pressure 
ratios of 1.0 or above were obtained for a cooling-air-flow ratio 
of 0.035. This condition probably holds true up to rated engine speed. 
Cooling-air-flow ratios in the vicinity of 0.03 are currently con- 
sidered practical in the application of air-cooled turbine rotor blades, 
although efforts are being directed toward the development of blades 
which require even smaller cooling-air-flow ratios. 

Cooling-air impellers built into the disk of air-cooled turbines 
should be such that they are capable of overcoming the internal pressure 
losses. In some cases, if rotor blades of high cooling effectiveness 
which permit low cooling-air flows are used, some pressure, rise will be 
possible. Because the pressure ratios are only slightly greater than 
1.0, some means of mechanical precompression of the cooling air before 
it is introduced at the hub of the rotor will be required for all cases 
in which the engine operating conditions impose pressures at the blade 
tip higher than ram inlet. 

Comparison of compressor discharge pressure and required cooling- 
air pressure at impeller hub . - When air cooling of turbine blades is 
applied to airborne gas turbine engine installations, one means of 
supplying the cooling air is to bleed it from the engine compressor. 
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For the series of investigations conducted, figure 10 is presented to 
show the range of cooling-air -flow ratio over which compressor discharge 
air is at sufficient pressure to be introduced at the hub of this par- 
ticular split-disk rotor. The pressure drop in the lines from the bleed- 
off point to the rotor hub has been neglected; however, the pressure 
losses will be large in an actual engine installation unless the system 
is carefully designed. The ratio of compressor discharge static pres- 
sure to required cooling-air total pressure at the rotor hub is plotted - 
against the cooling -air -flow ratio for engine speeds of 4000, 6000, 

8000, and 10,000 rpm. The static pressure at the compressor discharge 
is higher than that required at the impeller hub for the four engine 
speeds presented over the greater part of the range of cooling-air-flow 
ratio investigated. The results as presented in figure 10 show general 
levels and trends as these results are based on the assumption that the 
pressure ratio across the impeller can be described by the corrected 
cooling-air weight flow and the corrected impeller speed as shown in 
figure 9. The effect of heat transfer to the cooling air on the pres- 
sure ratio has been disregarded. 

Cooling air bled from the compressor discharge would be at a con- 
siderably higher temperature than that of the high-pressure laboratory 
air supplied to the engine in the test cell, and higher cooling-air- 
flow ratios would be required to maintain a given operating blade tem- 
perature. Because of the apparent excess pressure available over most 
of the range of cooling-air-flow ratio, some pressure drop would be 
allowed for an intercooler and the bleed-off system ducting. Installa- 
tion of. the intercooler would lower the cooling-air temperature and 
therefore reduce the required cooling-air flow. The heat from the 
cooling air could be exchanged to the fuel or the ram air during flight. 


Disk Temperatures 

A correlation of the disk temperature-difference ratio with engine 
speed, obtained following the engine modification made in an attempt to 
equalize the temperature profiles in the two halves of the disk, is pre- 
sented herein. Also shown are the estimated disk temperature profiles 
for rated engine speed based on the extrapolation of this correlation 
to rated engine speed. 

Disk temperature correlation . - The variations with engine speed 
of the temperature parameters 1-cp for the disk theimocouple locations 
1 through 11 are presented in figure 11 for a cooling-air-flow ratio 
of 0.02. The values of !-<¥> for 4000, 5000, 6000, and 8000 ipm over 
the range of cooling-air-flow ratio investigated are presented in 
table II for which the engine operating conditions are summarized in 
table I. The temperature parameter 1-<P for the thermocouples located 
near the disk rim (6, 7, 8, and 9) decreased with engine speed (fig. ll) . 
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The values of 1-9 for the remaining thermocouple locations remained 
approximately constant over the speed range investigated. The decrease 
of 1-9 with engine speed for the thermocouple locations near the disk 
rim means that the disk temperature is not increasing so rapidly as is 
the effective gas temperature if the cooling-air inlet temperature is 
assumed to remain constant. This effect is probably caused by an 
increase in the rate of heat transfer from the disk to the cooling air 
in this region. Since a complete theoretical analysis of all the 
factors affecting the disk temperatures is unavailable at present, the 
exact cause for this increase in heat-transfer rate cannot be deter- 
mined. It can also be noted that at 4000 rpm the range of 1-9 for 
thermocouple locations 6 in the forward disk and 8 in the rear disk 
is 0.38 to 0.79/ while at 8000 rpm the range has been decreased to 
0.31 to 0.51. That is, as the engine speed is increased' the tempera- 
ture difference between the forward and rear disks decreased in the rim 
section of the configuration investigated herein. 

Estimated disk temperature profiles at rated engine speed . - A com- 
parison of the estimated disk temperature profiles, obtained by extra- 
polating to rated engine speed the plots of 1-9 against engine speed 
as was done in figure 11, and the estimated disk temperature profiles 
as presented in reference 1 are shown in figure 12. Eliminating the 
flow of cooling air on the external face of the forward disk was bene- 
ficial in reducing the difference in temperature level between the two 
disks. At a disk radius of 3 inches the temperature of the forward 
disk increased approximately 150° F, while the temperature in the rear 
disk increased only 50° F. At a disk radius of 7 inches the tempera- 
ture of the forward disk again increased approximately 150° F, while 
the temperature of the rear disk remained about the same. Thus, the 
difference in temperature level of the two disks was reduced between 
100° and 150° F by closing off the external cooling air. Also, the 
sharp temperature gradient near the rim of the forward disk, as would 
be obtained from the dashed line temperature profile (fig. 12), has 
been greatly reduced. The maximum disk temperature as presented in 
figure 12 is approximately 700° F for the data presented herein with a 
120° F cooling-air inlet temperature. With a cooling-air inlet tempera- 
ture of 445° F, as might be obtained when using compressor bleed air, 
the maximum disk temperature based on the extrapolated values of 1-9 
would be slightly below 900° F. The substitution of noncritical mate- 
rials in the turbine disks is believed to be satisfactory for operation 
of turbines at this temperature level. 


Plastic Stress Analysis at 11,500 rpm 

A stress analysis was made for the forward and rear disks based on 
the estimated disk temperature profiles shown in figure 12 for rated 
engine conditions. Since the rear disk tends to expand more than the 
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forward disk, a system of restraining forces was set up with the blade 
bases in the .disk serrations transferring these forces from one disk to 
the other. An initial assumption was therefore made that the radial 
displacements of the rims of the two disks must be equal at any partic- 
ular time. The graphical solution of the restraining load for the 
operating conditions at rated speed is shown in figure 13. The radial 
displacements of the rims, of the two disks are seen to be equal at a 
restraining load of 43,600 pounds per square inch. For the forward 
disk, the restraining load adds to the normal rim loading whereas for 
the rear disk the restraining load is in the opposite direction, and 
subtracts from the normal rim loading. The normal rim loading due to 
the blades and the serrated portion of the disks is 21,700 pounds per 
square inch for each disk. The total effective rim loading for the 
forward disk is therefore 65,300 pounds per square inch, and for the 
rear disk, -22,000 pounds per square inch. These rim loadings were 
used to calculate the stresses' in the two disks as shown in figure 14. 
Plastic flow was taken into account for the forward disk. In comparing 
these results with those of figure 18 in reference 2 it can be seen 
that the decrease in the temperature -level difference between the for- 
ward and rear disks was quite beneficial in reducing the stress levels 
of the two disks. 

In comparing these results with those shown in reference 2 for a 
more severe temperature difference between the two disks, it is also 
well to consider the effect of probable differences in the radial dis- 
placements of the rims of the two disks as permitted by a given amount 
of looseness of the blade bases in the disk serrations. If a difference 
of 0.010 inch in the radial displacements of the two rims were per- 
mitted, then according to figure 13 the restraining load would be 
reduced from 43, 600 pounds per square inch to approximately 20,000 pounds 
per square inch. The total effective rim loading for the forward disk 
would be 41,700 pounds per square inch and for the rear disk, 

1,700 pounds per square inch. In reference 2, it is pointed out that a 
difference of 0.010 inch in the radial displacements of the rims of the 
disks for the condition of more severe temperature difference would 
only result in a reduction of the restraining load from 50,000 pounds 
per square inch to 41,000 pounds per square inch. This significant 
improvement as a result of the less severe temperature difference indi- 
cates that under actual operating conditions in which some difference 
in the radial displacements of the disk rims probably does occur, the 
stresses in the forward disk will be considerably lower than those shown 
in figure 14. Assuming equal elongation of the disks at the rim and 
using the method of calculation substantiated by burst test as presented 
in reference 2 show the configuration investigated herein to be struc- 
turally sound at rated engine conditions, provided the difference in 
temperature level of the two disks is approximately that estimated in 
this report. Allowing a difference of radial displacement of 0.10 inch 
between the rims results in even more conservative stress levels. 
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Blade Temperatures 

The blade temperature profiles for each of the three instrumented 
blades are presented for a cooling -air-flow ratio of 0.021 and an 
engine speed of 6000 rpm in figure 15. The profiles presented are 
similar to those obtained over the range of cooling-air-flow ratio 
investigated at 4000, 5000, and 6000 rpm. In all cases the tempera- 
tures at the leading and trailing edges were higher than those obtained 
in the midchord region. The high temperatures at the leading edge are 
caused by the high, external heat-transfer coefficient at the leading 
edge and the unfavorable ratio of internal to external heat -transfer 
flow area. At the trailing edge, the high temperatures are the result 
of the long conduction path and the unfavorable ratio of internal to 
external heat-transfer flow area. The temperatures measured at the 
midchord varied considerably for the three blades. The temperature at 
the midchord of blade 1 was about 140° F hotter than that of blade 2 
and about 110° F hotter than that of blade 3. 

Preliminary examination showed that the midchord temperature of 
blade 1 was hotter because of a defective brazing bond between the tubes 
and the shell in the midchord region where the thermocouple was located. 
This trouble had been indicated by visual observation of oxidation 
patterns on the blades.. The suggested lack of a good thermal brazing 
bond between the tubes and the shell was verified when blade 1 failed, 
with the tubes drawing out of the portion of the shell remaining on the 
blade base as shown in figure 16. Examination indicated that little or 
no brazing bond existed between the blade shell and the tubes in the 
midchord region on the pressure side where the thermocouple was located.. 
The need for a uniform brazing bond and good thermal contact between the 
blade shell and the internal tubes is evident from this experience. 

One of the purposes of this investigation was to obtain data from 
the instrumented blades that would enable the determination of the 
uniformity of the cooling-air distribution to the blades by comparing 
the temperatures at similar locations. Because of the wide temperature 
variations caused by the nonuniformity of the brazing bond, no definite 
conclusions could be reached with regard to the flow distribution. How- 
ever, the elimination of blade 1 from the comparison on the grounds of 
poor brazing bond leaves blades 2 and 3, the temperatures of which vary 
no more than 35° at the same location on each blade, indicating that 
essentially equal coolant flows are supplied to each blade. 


Heat Transferred to Cooling Air 

Heat transferred to cooling air in tail cone . - The variation of 
the calculated heat-transfer rate to the cooling air with cooling-air- 
flow rate through the tail cone and tail-cone bullet is presented in 
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figure 17. The heat-transfer rate is nearly constant over the coolant- 
flow range for any one speed, and for practical purposes may he taken 
as 10 Btu per second for all speeds presented. 

.The effect of this constant heat- input to the cooling air on the 
effectiveness of the disk cooling can hest be illustrated by means of 
numerical examples at a low cooling-air-flow ratio. Table II summarizes 
calculated disk and blade temperatures for various heat -transfer rates 
to the cooling air; The conditions for the calculations are listed 
above the table. Consider the disk' temperatures obtained when 1-cp 
is 0.09 (see fig. 11, thermocouple 3). Reducing the heat transferred 
in the tail cone from 10 Btu/sec to 0 resulted in a decrease in disk 
temperature of only 26° F. For a higher value of 1-Cp of 0.41 (see 
fig. 11, thermocouple 8), the temperature 'decrease was even smaller. 

A system as used in the configuration reported herein for supplying the 
cooling air through the high-temperature regions of the tail cone under 
the limited conditions of these tests therefore appears to impose no 
practical penalty on the operation of the air-cooled turbine disks 
because of the temperature rise of the cooling air based on the heat- 

transfer rate as shown by figure 17 . 

/ 

Heat transferred to cooling air in disk . - The variation with 
cooling-air-flow rate of the heat-transfer rates to the cooling air 
during the passage of the air from the rotor huh to the blade base is 
shown in figure 18 for engine speeds of 4000 and 6000 rpm. The heat- 
transfer rate is low, in the range of 1.0 to 7.0 Btu per second, which 
is lower than the rate of heat transfer to the cooling air in the tail 
cone (see fig. 17). There is a variation of approximately 4.0 Btu per 
second at both speeds over the range of cooling-air flow investigated. 
For convenience, a single line has been faired through the data points 
presented. This line, however, is pot intended to define the operating 
heat-transfer rate at. conditions other than those for which the data 
were obtained.. 

In order to determine the practical significance of this variation 
of heat transfer to the cooling air (thereby increasing the cooling-air 
temperature at the blade base) on the operating temperatures of the 
blades, numerical illustrations are presented in table III; The faired 
curve (fig. 18) shows a variation of 2.5 to 6.0 Btu per second over, the 
cooling-air-flow range presented, and for the purpose of illustration 
only it was assumed to represent the condition at rated engine speed 
(11,500 rpm). As in the preceding section the conditions for the cal- 
culations are those listed above the table. Values of 0.30 and 0.55 
were chosen for the blade temperature -difference ratio 

( T R ,e- T B> 

( T g,e' T a,e,h) 
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For a heat -transfer rate of 10 Btu per second in the tail cone the 
maximum blade temperature increase is 5° F when the heat-transfer rate 
in the disk is varied from 2.5 to 6.0 Btu per second and is obtained 
for the blade temperature-difference ratio of 0.55. Therefore, for 
practical purposes, the heat-transfer rate to the cooling air during its 
passage frcm the rotor hub to the base of the blades may be assumed 
constant at a given speed when the variations of the rate are similar 
to those shown in figure 18. 

The heat-transfer rates to the cooling air in the tail cone and in 
the disk were compared with an estimated heat-transfer rate in the air- 
cooled rotor blades at an engine speed of 6000 rpm and a cooling-air- 
flow ratio of 0.056 in order to obtain a knowledge of the relative mag- 
nitudes of these quantities. • The comparison showed the rates of heat 
transfer to the cooling air in the tail cone and in the disk to be about 
8 percent and 3 percent, respectively,, of the rate of heat transfer in 
the blades. 


General Discussion 

The investigations conducted so far (references 1 and 2 and that 
shown herein) have shown from considerations of the disk temperatures 
and stresses the feasibility of operating a split-disk type of air- 
cooled turbine rotor at cooling-air-flow ratios which were adequate to 
cool the blades. Under these conditions the disk temperatures were low 
enough to indicate that direct substitution of noncritical alloys in 
the disk is permissible, although practical considerations such as cor- 
rosion protection must still be investigated. Also, the heat trans- 
ferred to the cooling air before it enters the blades and the pressure 
required at the cooling-air impeller inlet were not excessive for the 
configuration tested. However, the uniformity of the distribution of 
cooling air to the blades by means of the impeller vanes must yet be 
evaluated by experiments, since a shortage of cooling air to one blade 
will mean higher required cooling-air-flow ratios. Methods of supplying 
the cooling air by bleeding the engine compressor and the design of low 
pressure drop ducting systems should be investigated. The effect of 
this bleeding, pumping the cooling air through the rotorj and discharg- 
ing the cooling air into the combust ion -gas stream on engine perform- 
ance must be evaluated. Also, to expedite the design of air-cooled 
turbine disks, a method for predicting the disk temperature distribu- 
tions for various engine configurations is required. 


SUMMARY OF RESULTS AND CONCLUSIONS 

Results of an investigation conducted on a J33 turbojet engine 
modified for air cooling of the turbine disk and blades have been' pre- 
sented for engine speeds up to 10,000 rpm which is 87 percent of rated 
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speed, and for a range of cooling-air flow from approximately 0.02 
to 0.10 of the engine combustion-gas flow. Some of the results observed 
and the conclusions drawn from them are as follows: 

1. Air bled from the compressor discharge would be at sufficient 
pressure to be introduced at the inlet of the cooling-air impeller- and 
used to cool the blades for cooling-air-flow ratios over most of the 
flow range for the speeds investigated. 

2. The ratio of the static pressure in the region over the blade 
tips to the total pressure of the cooling air at the inlet of the 
cooling-air impeller was approximately 1.0 for cooling-air-flow ratios 
up to 0.035 over the range of corrected impeller speed and cooling-air 
weight flow investigated. 

3. A consideration of the angle of incidence of the cooling air 
with the vanes of the internal cooling-air impeller indicated that 
choking of the cooling-air flow occurs at engine speeds of 8000 and 
10,000 rpm at high coolant flows. 

4. The difference between the estimated temperature levels of the 
forward and rear disks at rated engine conditions was reduced 100° 

to 150° F by eliminating the external cooling air on the forward disk. 
With these reduced temperature-level differences the plastic stress 
distribution was more favorable and the configuration investigated was 
considered to be structurally sound at rated engine conditions. Under 
conditions of actual operation during which some radial displacement 
between the rims probably did occur, the stress levels were further 
and more readily reduced as a result of the reduction in temperature- 
level difference. 

5. The substitution of noncritical alloys for the disks of the 
rotor investigated was indicated to be feasible. The maximum estimated 
temperature of the disks, based on the correlation methods presented, 
was below 900° F at rated engine conditions and a cooling-air-flow 
ratio of 0.02 even for cooling-air inlet temperatures of 445° F. 

6l The wide variation in the blade temperatures measured near the 
midchord of the three instrumented blades was attributed to variations 
in the brazing bond between the tubes in the hollow blade shell and the 
inside walls of the shell. This variation of brazing bond also elim- 
inated any definite conclusions as to the uniformity of the distribu- 
tion of cooling air to the blades. 
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7. The heat transferred to the cooling air in the tail cone over 
the range of conditions investigated imposed no practical penalty on 
the cooling of the turbine disks. The heat transferred to the cooling 
air in the disk was practically constant over the speeds and cooling- 
air-flow ratios investigated. At 6000 rpm and a cooling-air-flow ratio 
of 0.056, the heat transferred to the cooling air in the tail cone and 
the disk was estimated to be approximately 8 percent and 3 percent, 
respectively, of that transferred to the blades. 


Lewis Flight Propulsion Laboratory- 

National Advisory Committee for Aeronautics 
Cleveland, Ohio , 
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APPENDIX - SYMBOLS 


Cp 

g 

J 

N 

P 

P' 

Q 

r 

T 

T' 

w 

a 

A 

8 a,H 

e a,H 


The following symbols are used in this report: 
specific heat at constant pressure, Btu/(lb)(°F) 
ratio of absolute to gravitational unit of mass, lb/slug 
mechanical equivalent of heat, 778.3 ft-lb/Btu 
engine speed, rpm 

static pressure, lb/sq ft absolute or in. Hg absolute 
total pressure, lb/sq ft absolute or in. Hg absolute 
heat-transfer rate, Btu/sec 
radius, ft 

temperature, °R or °F 

total temperature, °R or ' 

weight flow rate, lb/ sec 

angle of incidence of cooling air with impeller vanes, deg 
prefix to indicate change 

pressure correction ratio for cooling air at rotor hub, p^ jj/Pq 

* f 

temperature correction ratio for cooling air at rotor hub, 

T i,H/ T 0 


cp disk temperature-difference ratio, (Tg^ e -T D )/'(Tg^ e -T a ^ e ^ H ) 

(0 angular velocity of rotor, radians/sec 

Subscripts: 

a. cooling air. 


B 


blade 

compressor. 
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D disk 

e effective 

-f fuel 

g • combustion gas 

H station at rotor hub 

HT heat transfer 

h station at blade base 

T tip 

0 NACA sea-level air 

1-12 refer to disk thermocouple locations 
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TABLE III - SUMMARY OF CALCULATED DISK AMD BLADE TEMPERATURES 

FOR VARIATIONS OF HEAT -TRANSFER RATE TO COOLING AIR 

t T = 1445° F; air temperature at tail-cone inlet = 70° F ; 

Sf e 

v /w = 0-02; v = 72 lb/sec; Cp = 0.24; N = 11,500 rpmj 


1-cp 

T g,e~ T B 

Heat -transfer 

rate to 

t d 

t b 


T g,e" T a,e,h 

cooling air • 
(Btu/ sec) 

(°F) 

(°F) 



In tail cone 

In disk 



0.09 
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10 

2.5 

220 


.09 
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2.5 

194 


.41 


10 

2.5 

651 


.41 
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2.5 

634 
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10 
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1067 
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10 

2.5 


1064 
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10 
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Cooling-air pipes 


Baffle plate 


Supply tube 
support 


Cooling-air supply 
tube 


Bellows — 


Modified tail-cone struts 


Holes for 
thermocouple 
lead system 


Four-plate 
labyrinth 
seal 


Figure 1. - Tail-cone modifications for introduction of cooling air. 
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Figure 2. - Internal cooling-air impeller vanes in both halves 


Direction of 
rotation 



Figure 3. - Cooling-air impeller. (All dimensions are in inches. 







0.125 in. O.D. X 0.0125 in. wall 
(three tubes) — . 

\ r- 0.190 in. O.D. 

\ \ X 0.020 in. wall 
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152C12 



Figure 6. - Turbine disk thermocouple locations . (All dimensions are in inches. 




Impeller vane angle of 'incidence, a, deg 
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Total cooling-air weight flow, w a , lh/sec 


Figure 8. - Variation of impeller vane angle of incidence with cooling-air 
weight flow for various engine speeds. 
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Ratio of available static pressure from compressor discharge 
to required total pressure at cooling-air impeller hub 


36 


NACA RM E52C12 






(jj-X ajuxB-iacEnrax ^l s T(I 


Figure 11. - Correlation of disk temperature parameter 1-cp with engine speed. Cooling- 

air-flow ratio, 0.02. 



Radial displacement of Disk temperature 

rim, in. 
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Calculated from l-V in figure 11 
Figure 16(a) of reference 1 


Rear disk 


Forward disk 


Disk radius, in. . 

Figure 12. - Comparison of calculated disk temperatures for 
modified J33 engine. Engine speed (rated), 11,500 rpm; 
cooling-air inlet temperature, 120° F; cooling- air -flow 
ratio, 0.02,- average effective gas temperature, 1445° F. 
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Figure 13. - Graphical determination of restraining loads at 
rated engine speed (11,500 rpm). 
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NACA-Langley - 5-21-52 -350 
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Figure 17 . - Variation of heat transferred to cooling air 
while flowing through tail cone with cooling-air weight 
flow. 
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Figure 18. - Variation of heat transferred to cooling air from 
inside walls of split disk with cooling-air weight flow. 









